Infectious bursal disease (IBD) is an acute, highly contagious, and immunosuppressive avian disease caused by IBD virus (IBDV). Although IBDV-induced immunosuppression has been well established, the underlying exact molecular mechanism for such induction is not very clear. We report here the identification of IBDV VP4 as an interferon suppressor by interaction with the glucocorticoid-induced leucine zipper (GILZ) in host cells. We found that VP4 suppressed the expression of type I interferon in HEK293T cells after tumor necrosis factor alpha (TNF-␣) treatment or Sendai virus (SeV) infection and in DF-1 cells after poly(I·C) stimulation. In addition, the VP4-induced suppression of type I interferon could be completely abolished by knockdown of GILZ by small interfering RNA (siRNA). Furthermore, knockdown of GILZ significantly inhibited IBDV growth in host cells, and this inhibition could be markedly mitigated by anti-alpha/beta interferon antibodies in the cell cultures (P < 0.001). Thus, VP4-induced suppression of type I interferon is mediated by interaction with GILZ, a protein that appears to inhibit cell responses to viral infection.
I
nfectious bursal disease (IBD), also called Gumboro disease, is an acute, highly contagious disease in young chickens that occurs across the world (1) . Its causative agent, IBD virus (IBDV), destroys its target cells, the B-lymphocyte precursors. The diseased chickens suffer from a severe immunosuppression which leads to an increased susceptibility to other pathogens (2) .
IBDV is an Avibirnavirus belonging to Birnaviridae family, which is composed of nonenveloped viruses containing two segments of double-stranded RNAs (A and B) (3) . Whereas the short RNA, segment B (2.8 kb), encodes VP1, a RNA-dependent RNA polymerase (RdRp) (4, 5) , segment A, the large molecule (3.17 kb), contains two partially overlapping open reading frames (ORFs) (2, 6) . The first ORF encodes the nonstructural viral protein 5 (VP5), and the second one encodes a 110-kDa pVP2-VP4-VP3 precursor that can be cleaved by the proteolytic activity of VP4 to form viral proteins VP2, VP3, and VP4 (3, (6) (7) (8) . VP2 and VP3 are the major structural proteins, constituting 51% and 40% of the virion, respectively (9) . VP4, a viral protease, is able to cleave in trans and is responsible for the interdomain proteolytic autoprocessing of the pVP2-VP4-VP3 polyprotein encoded by RNA segment A into pVP2 precursor (48 kDa) as well as VP4 (28 kDa) and VP3 (32 kDa) (2, 10) , and pVP2 is further processed at its C-terminal domain by VP4 to generate the mature capsid protein VP2 (41 kDa) and four small peptides (11) . VP4 self-assembles and forms tubes with a diameter of about 25 nm (12) . VP5, a highly basic, cysteine-rich nonstructural (NS) protein (17 kDa), is not present in the virion and can be detected only in IBDVinfected cells (13) . Several lines of evidence suggest that it may play a role in the induction of apoptosis during IBDV infection (13) (14) (15) (16) .
Viruses have refined various strategies to suppress the host response against viral dissemination (17) . IBDV infection induces altered expression of multiple genes that are related to T-and B-cell activation and differentiation, as well as activation of genes involved in Toll-like receptor (TLR)-and interferon (IFN)-mediated antiviral responses (18) . Recently, it has been reported that IFN-␣ has strong antiviral activity in IBDV-infected cells (19) , suggesting that type I interferon of host cells may play a critical role in combating IBDV.
Although VP4 has been known as a viral protease to cleave polyprotein pVP2-VP4-VP3 (20, 21) , it may also be involved in viral pathogenesis (22) . Thus, the overall functions of VP4 remain to be elucidated. In this study, we found that VP4 acts as a major IBDV component responsible for suppressing type I interferon expression via interaction with the glucocorticoid-induced leucine zipper (GILZ) of host cells. In support of a role for GILZ in cytokine response induced by VP4, knockdown of GILZ by small interfering RNA (siRNA) abolished VP4-induced suppression of type I interferon expression, accompanied by inhibition of IBDV replication.
MATERIALS AND METHODS

Cells and virus. Both DF-1 cells (immortal chicken embryo fibroblasts [CEF]
) and HEK293T cells were obtained from the ATCC. All cells were cultured in Dulbecco modified Eagle medium (DMEM) (Invitrogen, USA) supplemented with 10% fetal bovine serum (FBS) in a 5% CO 2 incubator. Lx, a cell culture-adapted IBDV strain, was kindly provided by Jue Liu (Beijing Academy of Agriculture and Forestry, Beijing, China).
ACACAATGCGCTCTG-3= and 5=-AACTCAGCGGCGTCGATG-3=), and GAPDH (5=-TGCCATCACAGCCACACAGAAG-3= and 5=-ACTTT CCCCACAGCCTTAGCAG-3=) were designed with reference to previous publications (28) (29) (30) . The analysis of real-time PCR was carried out with a Light Cycler 480 (Roche, USA). The PCR was performed in a 20-l volume containing 1 l of cDNA, 10 l of 2ϫ SYBR green Premix Ex Taq (TaKaRa), and a 0.4 M concentration of each gene-specific primer. Thermal cycling parameters were as follows: 94°C for 2 min; 40 cycles of 94°C for 20 s, 55°C for 20 s, and 72°C for 20 s; and 1 cycle of 95°C for 30 s, 60°C for 30 s, and 95°C for 30 s. The final step was to obtain a melt curve for the PCR products to determine the specificity of the amplification. All samples were carried out in triplicate on the same plate, and the GAPDH gene was utilized as the reference gene. Expression levels of genes were calculated relative to the expression of the GAPDH gene and expressed as fold increase or decrease relative to the control samples.
Coimmunoprecipitation and Western blot analysis. For immunoprecipitation, HEK293T or DF-1 cells (6 ϫ 10 5 ) were seeded on 6-well plates and cultured for 24 h before cotransfection with pCMV-Myc-GILZ and pEGFP-VP4 or pRK5-flag-VP4 or empty vectors as controls by standard calcium phosphate precipitation. Twenty-four hours after transfection, cell lysates were prepared using a nondenaturing lysis buffer (50 mM Tris-HCl, pH 8.0; 150 mM NaCl; 1% NP-40; 5 mM EDTA; 10% glycerol; 10 mM dithiothreitol [DTT]; 1ϫ complete cocktail protease inhibitor). The cell lysates were incubated with 2 g of anti-c-Myc or anti-FLAG antibody at 4°C for 2 h and then mixed with 20 l of a 50% slurry of protein A/G plus agarose and incubated for another 2 h. Beads were washed three times with the lysis buffer and boiled with 2ϫ SDS loading buffer for 10 min. The samples were fractionated by electrophoresis on 12% SDS-PAGE gels, and resolved proteins were transferred onto polyvinylidene difluoride (PVDF) membranes. After blocking with 5% skim milk, the membranes were incubated with either anti-Myc, anti-FLAG, or anti-GFP antibody, followed by an appropriate HRP-conjugated secondary antibody. Blots were developed using an ECL kit. For endogenous pulldown assay, HEK293T cells or DF-1 cells were transfected with pEGFP-VP4 or pRK5-VP4 or with empty vector. Thirty-six hours after transfection, the cell lysates were subjected to immunoprecipitation with anti-GFP antibody or anti-FLAG antibody and immunoblotted with anti-GILZ, anti-GFP, or anti-FLAG antibody.
Confocal laser scanning microscopy assays. HEK293T cells (2 ϫ 10 5 ) or DF-1 cells (1 ϫ 10 5 ) were seeded on coverslips in 24-well plates and were cultured overnight before transfection with pEGFP-VP4 and pDsRed-GILZ. Twenty-four hours after transfection, the cells were fixed with 1% paraformaldehyde and the nuclei were stained with DAPI. For endogenous protein staining, IBDV-or mock-infected cells were fixed with 1% paraformaldehyde and permeabilized with 0.2% Triton X-100 for 15 min, blocked with 1% bovine serum albumin, and then probed with mouse anti-IBDV VP4 antiserum and rabbit anti-GILZ antibodies, followed by FITC-conjugated goat anti-mouse IgG (green) and TRITC-conjugated goat anti-rabbit IgG (red). After three washes with PBS, the cells were stained for nuclei with DAPI. The samples were analyzed with a laser confocal scanning microscope (C1 standard detector; Nikon, Japan).
Luciferase reporter gene assays. HEK293T cells (2.0 ϫ 10 5 ) were seeded on 24-well plates and transfected with reporter gene plasmids (pGL3-IFN-␣4, pGL3-IFN-␤, or pGL3-NF-B) by standard calcium phosphate precipitation. To normalize for transfection efficiency, we added 0.01 g of pRL-TK Renilla luciferase reporter plasmid to each transfection. Six hours after transfection, cells were mock infected or infected with IBDV at an MOI of 20. Twelve hours after infection, cells were treated with TNF-␣ at a final concentration of 20 ng/ml or with medium as a control. Twelve hours after TNF-␣ treatment, luciferase reporter gene assays were performed. For the measurement of TNF-␣-or Sendai virus (SeV)-induced activation of type I interferon and NF-B promoters, cells were transfected with reporter gene plasmids (pGL3-IFN-␣4, pGL3-IFN-␤, or pGL3-NF-B), and 18 h after transfection, cells were treated with TNF-␣ at a final concentration of 20 ng/ml or infected with SeV at an MOI of 10, with treatment with medium and mock infection as controls. Twelve hours after TNF-␣ treatment or 24 h after SeV infection, luciferase reporter gene assays were performed with a dual-specific luciferase assay kit (Promega, USA). Firefly luciferase activities were normalized on the basis of Renilla luciferase activities. All reporter assays were repeated at least three times. Data shown are average values Ϯ standard deviations (SD) from one representative experiment.
Nuclear protein extraction and EMSA. Crude nuclear proteins were extracted from HEK293T cells using a nuclear-cytoplasmic extraction kit (Thermo Fisher) with a protease inhibitor mixture. 5=-Biotin-labeled NF-B consensus double-stranded oligonucleotides (5=-AGTTGAGGGG ACTTTCCCAGG-3=) were synthesized by AuGCT Biotechnology (31) . Detection of the NF-B-oligonucleotide complex was performed using a LightShift chemiluminescent electrophoretic mobility shift assay (EMSA) kit (Thermo Fisher) per the manufacturer's instructions. Briefly, nuclear protein (3 to 5 g) was incubated with 20 fmol of biotin-labeled oligonucleotides for 20 min at room temperature in a 20-l reaction volume containing 10 mM HEPES-KOH (pH 7.9), 50 mM KCl, 2.5 mM MgCl 2 , 1 mM DTT, 10% glycerol, 1 g of DNase-free BSA, and 2.5 g of polydeoxyinosinic-deoxycytidylic acid. The resulting products were resolved by electrophoresis on a 6% polyacrylamide gel using 0.5ϫ Tris-borate EDTA (TBE) buffer. NF-B-oligonucleotide complex was electroblotted to a nylon membrane (Millipore). After incubation in blocking buffer for 15 min at room temperature, the membrane was incubated with streptavidin-HRP conjugate for 15 min at room temperature. Color was developed using Light Shift chemiluminescence detection reagents (Thermo Fisher).
RNA interference (RNAi) knockdown of GILZ. The siRNA was designed by Genechem Company (Shanghai, China) and used to knock down GILZ in HEK293T cells. The siRNAs for targeting GILZ in HEK293T cells included the following: RNAi#1 (sense, 5=-GUGAGAAC ACCCUGUUGAAtt-3=; antisense, 5=-UUCAACAGGGUGUUCUCACt t-3=), RNAi#2 (sense, 5=-GAAGAAUCAUCUGAUGUAUtt-3=; antisense, 5=-AUACAUCAGAUGAUUCUUCtt-3=), RNAi#3 (sense, 5=-UCUGGU GAAGAAUCAUCUGtt-3=; antisense, 5=-CAGAUGAUUCUUCACCAG Att-3=), and negative control (sense, 5=-UUCUCCGAACGUGUCACGU tt-3=; antisense, 5=-ACGUGACACGUUCGGAGAAtt-3=). The sequences of siRNA for targeting GILZ in DF-1 cells included the following: RNAi#1 (sense, 5=-GCGUGGUGGCCAUUGACAAtt-3=; antisense, 5=-UUGUCA AUGGCCACCACGCtt-3=), RNAi#2 (sense, 5=-AGGAACUGUUGGAGA AGAAtt-3=; antisense, 5=-UUCUUCUCCAACAGUUCCUtt-3=), RNAi#3 (sense, 5=-GCCAGCGUGGUGGCCAUUGtt-3=; antisense, 5=-CAAUGG CCACCACGCUGGCtt-3=), and negative control (sense, 5=-UUCUCC GAACGUGUCACGUtt-3=; antisense, 5=-ACGUGACACGUUCGGAGA Att-3=). To transfect cells with the interference RNAs against GILZ, we seeded HEK293T or DF-1 cells (4 ϫ 10 5 ) cells on 6-well plates and cultured them for at least 20 h prior to transfection. The cells were transfected with siRNA using RNAiMAX according to the manufacturer's instructions (Invitrogen). Double transfection was performed at a 24-h interval. Forty-eight hours after the second transfection, cells were harvested for further analysis.
Measurement of IBDV growth in DF-1 cells and HEK293T cells. Untreated DF-1 cells or HEK293T cells or cells receiving GILZ-specific siRNAs or control siRNA were infected with IBDV at an MOI of 10, and cell cultures were collected at different time points (12, 24, 48 , and 72 h) after infection. The cell culture samples were freeze-thawed three times and centrifuged at 2,000 ϫ g for 10 min, and the supernatants were saved at Ϫ80°C until use. To neutralize interferon's activity, 2 g of anti-human IFN-␣1 (ab11408; Abcam) and anti-human IFN-␤ (ab6979; Abcam) were added to GILZ RNAi cell culture or RNAi controls 3 h before IBDV infection. Forty-eight hours after IBDV infection, the cell culture samples were freeze-thawed three times and centrifuged at 2,000 ϫ g for 10 min, and the supernatants were saved at Ϫ80°C until use. The viral contents in the supernatants were titrated using 50% tissue culture infective doses (TCID 50 ) in DF-1 cells. Briefly, the viral solution was diluted 10-fold in DMEM. A 100-l aliquot of each diluted sample was added to the wells of 96-well plates, followed by addition of 100 l of DF-1 cells at a density of 5 ϫ 10 5 cells/ml. Cells were cultured for 5 days at 37°C in 5% CO 2 . Tissue culture wells with cytopathic effect (CPE) were determined as positive. The titer was calculated based on a previously described method (32) .
Statistical analysis. The significance of the differences between GILZ RNAi cells and controls in gene expression, promoter activities, and viral growth was determined by the Mann-Whitney test and analysis of variance (ANOVA) accordingly.
RESULTS
Infection of HEK293T cells with IBDV inhibits TNF-induced expression of type I interferon.
IBDV is capable of replicating in multiple types of cells, including chicken B cells (33) , CEF and DF-1 cells (34) , and Vero and HEK293T cells (35) . To determine if the IBDV Lx strain could replicate in HEK293T cells, we infected this cell line with the virus at an MOI of 10 and examined the viral growth with immunofluorescence antibody assay (IFA). Twentyfour hours after IBDV infection, a large number of immunofluorescent cells could be detected after IFA staining using chicken anti-IBDV antiserum (Fig. 1A to D) . In addition, kinetics of virus production was also examined in IBDV-infected cells (Fig. 1E) . These data indicate that the IBDV Lx strain could replicate in HEK293T cells. As type I interferon plays a critical role in the host response against IBDV infection (19) and HEK293T cells do not produce detectable TLR3 activity (36), we examined the expression of type I interferon in TNF-␣-stimulated HEK293T cells with or without IBDV infection using qRT-PCR assay (37) . Because TNF induces activation of NF-B (38, 39) , and NF-B regulates type I IFN expression (37), we employed TNF-␣ as an inducer in our assay to examine the effect of IBDV infection on TNF-induced type I interferon expression. We found that TNF-induced expression of IFN-␣ and IFN-␤ was significantly reduced in IBDV-infected cells compared to that of controls (P Ͻ 0.01) ( To determine whether the inhibitory effect of IBDV on type I IFN expression occurs at or upstream of the transcriptional level, we employed luciferase reporter gene assays to examine the cytokine gene promoter activities (37, 40) . HEK293T cells were transiently transfected with type I interferon or NF-B reporter gene plasmids, and then cells were mock infected or infected with IBDV at an MOI of 20. Twelve hours after IBDV infection, cells were stimulated with TNF-␣ for 12 h and their luciferase activities were measured. All luciferase activities were normalized to a cotransfected Renilla luciferase plasmid control. As shown in Fig. 1I to K, IBDV infection significantly inhibited the reporter activities of IFN-␣, IFN-␤, and NF-B promoters following stimulation with TNF-␣ (P Ͻ 0.001). Thus, the inhibitory effect of IBDV on the transactivation of these promoters suggests that IBDV suppresses type I interferon expression at or upstream of the transcriptional level, which may eventually lead to a suppressed immune response in host cells.
VP4 is mainly responsible for IBDV-induced suppression of type I interferon expression. Since IBDV infection suppressed type I interferon expression in host cells, we proposed that one or more components of IBDV affect type I interferon expression by engaging host proteins involved in regulating this cellular response. To test this hypothesis, we cloned the vp1, vp2, vp3, vp4, and vp5 genes from the IBDV Lx strain, made a GFP fusion for each of these proteins, and expressed them in HEK293T cells by transfection. All five protein fusions were expressed well in this cell line when transfected with 5 g of each individual plasmid ( Fig. 2A) . As SeV infection causes typical type I interferon expression (41), we used this strategy to examine the effect of each protein fusion on type I interferon expression. We found that transient expression of GFP-VP4 significantly suppressed SeVinduced type I interferon expression in host cells compared to the GFP controls (P Ͻ 0.05) (Fig. 2B and C) . In comparison, expression of GFP-VP1, -VP2, -VP3, or -VP5 did not display marked downregulated expression of type I interferon in SeV-infected cells. In contrast, GFP-VP3 and -VP5 enhanced SeV-induced type I interferon expression. Similar results were also obtained from the examination of mRNA expression of NF-B (Fig. 2D) . As overexpression of GFP-VP4 does not affect cell viability (14), these results suggest that VP4 is the major viral component responsible for IBDV-induced suppression of type I interferon expression, leading to suppressed immune responses in host cells.
VP4 suppresses TNF-induced activation of type I interferon and NF-B. The fact that VP4 is the major IBDV component responsible for suppressing type I interferon expression prompted us to investigate the role of VP4 in this suppression. We examined the type I interferon response in pEGFP-vp4-transfected cells by measuring TNF-␣-induced activation of type I IFN and NF-B promoters (37) . Consistent with the above observation, transient expression of VP4 markedly inhibited TNF-induced activation of type I IFN and NF-B promoters compared to that of controls (Fig. 3A to C) (P Ͻ 0.01). Similar results were also obtained from the examination of reporter activities using SeV infection (Fig. 3D  to F) . These results indicate that IBDV VP4 suppresses type I interferon expressions at or upstream of the transcriptional level in host cells.
To further determine the inhibitory effects of VP4 on NF-Bmediated signaling, we extracted nuclear proteins from pEGFPvp4-or pEGFP-transfected cells with or without TNF-␣ treatment and performed EMSA to examine the impact of VP4 on TNFinduced nuclear translocation of NF-Bp65, a master regulator of all TLR-induced responses (42) . As shown in Fig. 3G and H, the nuclear translocation of NF-Bp65 remarkably increased in pEGFP-N (empty vector)-transfected cells after TNF-␣ treatment. In contrast, the TNF-induced nuclear translocation of NF-Bp65 was markedly reduced in cells transfected with pEGFPvp4, indicating that VP4 plays an inhibitory role in the NF-Bmediated cell response.
VP4 interacts with GILZ. After identification of VP4 as a suppressor of the antiviral response in host cells, we furthered our investigation to study the mechanism of such suppression by searching for its cellular targets. To this end, we used VP4 as bait in the yeast two-hybrid system to screen a cDNA library generated from the chicken bursa of Fabricius. The positive clones were tested for ␤-galactosidase activity in two additional rounds of selection (turning blue) (Fig. 4A to C) , and the plasmids from these clones were rescued, sequenced, and subjected to a BLAST search against the NCBI database. Among 56 positive clones, 25 GILZ clones were identified. In addition, we found that during the course of IBDV infection, endogenous levels of GILZ in DF-1 cells markedly increased (data not shown). This protein might be rel- were transfected with pEGFPvp4 or empty vector as controls together with the indicated reporter plasmids. Eighteen hours after transfection, cells were mock infected or infected with SeV at an MOI of 10 for 24 h before reporter activities were examined with a dual-specific luciferase assay kit. Results are representative of three independent experiments. Data are represented as means Ϯ SD; n ϭ 3. ***, P Ͻ 0.001; **, P Ͻ 0.01; *, P Ͻ 0.05. (G) Impact of VP4 on TNF-induced nuclear translocation of NF-B p65. HEK293T cells (5.0 ϫ 10 5 ) were transfected with pEGFP-vp4 or empty vector as a control. Twenty hours after transfection, cells were treated with 100 ng/ml of TNF-␣ or medium as controls for 45 min before crude nuclear proteins were extracted. The nuclear proteins were then subjected to EMSA for determining the nuclear translocation of NF-B p65. The detection of the NF-B-oligonucleotide complex was performed using a Light Shift chemiluminescence EMSA kit. (H) The density of relative nuclear translocated NF-B p65 bands in panel G was quantitated by densitometry and normalized to that of vector control. Results are representative of three independent experiments.
evant to VP4 function because it inhibits the immune response (43, 44) . Thus, we constructed a plasmid that allows the expression of Myc-GILZ for analyzing its interaction with VP4 in HEK293T cells. When lysates of cells expressing both EGFP-VP4
and Myc-GILZ were immunoprecipitated with Myc antibody, EGFP-VP4 was detected in the precipitate, indicating that VP4 interacted with ectopically expressed GILZ in HEK293T cells (Fig.  4D) . Similar results were obtained in an experiment using the DF-1 cells (Fig. 4E) , indicating that the observed interaction between these two proteins is not cell type specific. To further sub- Twenty-four hours after IBDV infection, cells were fixed and probed with mouse anti-VP4 antibodies and rabbit anti-GILZ antibodies, followed by the FITC-conjugated goat anti-mouse antibody (green) and TRITC-conjugated goat anti-rabbit antibody (red). Nuclei were counterstained with DAPI (blue) and were visualized under a fluorescence microscope.
stantiate the binding of VP4 to GILZ, we expressed VP4 in HEK293T or DF-1 cells and examined its interaction with endogenous GILZ using a pulldown assay. The binding of GFP-VP4 or FLAG-VP4 with endogenous GILZ was readily detectable in cells expressing the viral protein VP4 (Fig. 4F and G ). These results demonstrate that VP4 interacts with GILZ in host cells.
VP4 colocalizes with GILZ in host cells. To determine the subcelluar localization of VP4 and GILZ, we performed a confocal microscopy assay with HEK293T cells transfected to express DsRed-GILZ and GFP-VP4. Transfection of HEK293T cells with pEGFP-vp4 or pDsRed-gilz indicated that both VP4 and GILZ were located in cytoplasm (Fig. 5A and B) . When cells were transfected with both plasmids, we found colocalization of VP4 with GILZ in the transfected cells (Fig. 5C to E) . To determine whether endogenous GILZ colocalizes with VP4 in IBDV-infected cells, we infected HEK293T or DF-1 cells and performed an IFA to examine the interaction of VP4 with endogenous GILZ. Consistent with the above observation, the endogenous GILZ also colocalized with VP4 in the cytoplasm of IBDV-infected cells (Fig. 5F to Q) . These results clearly demonstrate that VP4 interacts with GILZ in the cytoplasm of host cells.
GILZ is required for VP4-induced suppression of type I interferon expression. The facts that VP4 inhibits type I interferon expression and interacts with GILZ suggest that GILZ might play a critical role in VP4-induced suppression of the cytokine response and that knockdown of GILZ would therefore affect cell re- were transfected with siRNA (RNA#1 to RNA#3) or controls as described in Materials and Methods. Forty-eight hours after the second transfection, cell lysates were prepared and examined by Western blotting with anti-GILZ antibody. Endogenous ␤-actin expression was used as internal controls. The band density of GILZ in GILZ RNAi-treated cells (A) was quantitated by densitometry, and the relative levels of GILZ (B) were calculated as follows: band density of GILZ/band density of ␤-actin. (C to H) Knockdown of GILZ abolished the inhibitory effect of VP4 on TNF-␣-or SeV-induced activation of IFN-␣, IFN-␤, and NF-B promoters. HEK293T cells (2.0 ϫ 10 5 ) were transfected with the GILZ RNAi#1 construct or RNAi control. Twenty-four hours after the first transfection, cells were cotransfected with an RNAi construct together with pEGFP-vp4 and the indicated reporter plasmids. Eighteen hours after transfection, cells were treated with 20 ng/ml of TNF-␣ (C to E) or infected with SeV (F to H) at an MOI of 10. Medium or mock-infected cells were used as controls. Twelve hours after TNF-␣ treatment or 24 h after SeV infection, cells were collected and the reporter activities of IFN-␣, IFN-␤, and NF-B were determined by luciferase reporter gene assays using a dual-specific luciferase assay kit. Data are presented as means Ϯ SD; n ϭ 3. ***, P Ͻ 0.001; **, P Ͻ 0.01. sponses. To test this hypothesis, we made three GILZ RNAi constructs, and we found that one could effectively lower the cellular level of GILZ without causing discernible changes in cell morphology ( Fig. 6A and B) . We then transfected HEK293T cells receiving this siRNA or control siRNA with pEGFP-vp4 plasmid and examined the activation of type I interferon and NF-B promoters in these cells after stimulation with TNF-␣ or infection with SeV. Knockdown of GILZ completely abolished VP4-induced suppression of TNF-induced activation of type I interferon and NF-B promoters (Fig. 6C to E) . Consistently, knockdown of GILZ also abolished VP4-induced suppression of SeV-induced activation of type I interferon and NF-B promoters (Fig. 6F to H) . Furthermore, we knocked down GILZ expression in DF-1 cells (immortal chicken embryo fibroblasts) by siRNA ( Fig. 7A and B) and examined the expression of type I interferon and NF-B in these cells after stimulation with poly(I·C). Consistent with the above observation, VP4 suppressed poly(I·C)-induced expression of type I interferon and NF-B in DF-1 cells, and this suppression could be abolished by knockdown of GILZ (Fig. 7C to E) . These data clearly demonstrate that GILZ is required for the VP4-induced suppression of type I interferon expression at or upstream of the transcriptional level in host cells.
IBDV growth is inhibited by type I interferon or GILZ knockdown. To determine the role of GILZ in type I interferon expression in IBDV-infected cells, we knocked down GILZ expression in HEK293T cells by siRNA, infected these cells with the IBDV Lx strain at an MOI of 10, and examined type I interferon expression by qRT-PCR assay. As expected, knockdown of GILZ markedly enhanced mRNA expression of type I interferon in IBDV-infected cells (P Ͻ 0.001) (Fig. 8A and B) . These results suggest that GILZ is involved in suppressing type I interferon expression in IBDV-infected cells.
Since type I interferon plays a critical role in host response to IBDV infection (19) and GILZ suppresses type I interferon expression, we hypothesized that IBDV might take advantage of GILZ to suppress the host response for its own benefit and that knockdown of GILZ would therefore inhibit IBDV growth in host cells. To test this hypothesis, we examined the viral replication in GILZ knockdown cells by measuring viral loads in IBDV-infected DF-1 or HEK293T cell cultures at different time points postinfection. Consistent with its postulated role in suppression of antiviral response, cells with lower GILZ levels markedly inhibited IBDV growth (P Ͻ 0.01) (Fig. 8C and D) , and this inhibition could be effectively blocked by specific antibodies against type I IFN but not by its isotype-matched IgG controls (P Ͻ 0.001) (Fig. 8E) , suggesting that GILZ suppresses the immune response via inhibiting type I IFN expression, which might be employed by IBDV as an important strategy to evade the host antiviral response.
DISCUSSION
IBD is an acute, highly contagious viral disease causing damage in lymphoid organs in birds, especially the bursa of Fabricius (45) . Importantly, IBDV-infected chickens suffer from immunosuppression with compromised humoral and cellular immune responses (46, 47) , leading to susceptibility of chickens to other diseases. Thus, IBD remains a threat to the poultry industry worldwide.
Although IBDV-induced immunosuppression has been well established (46) (47) (48) , the exact molecular mechanism for such induction is unclear. IBDV-induced immunosuppression in the host may involve multiple factors, such as those involved in proinflammatory response and apoptosis, cytokine regulation, and the cellular immune response (29) . It was reported that IBDV infection interferes with the transcription of chicken type I and II interferon mRNA (49) , suggesting that the immunosuppressive effects of IBDV might be attributed, at least in part, to the suppression of chicken interferon by IBDV infection. In addition, type I interferon inhibits IBDV growth in chicken embryo fibroblast cultures (19) , indicating that type I interferon plays an important role in the host anti-IBDV response. Our data show that IBDV infection inhibits TNF-induced expressions of IFN-␣, IFN-␤, and NF-B at or upstream of the transcriptional level in host cells, and transfection of HEK293T cells with pEGFP-vp4 inhibits TNF-induced activation of IFN-␣ and -␤ promoters. Using an SeV infection system (41, 50), we also found that VP4 inhibited SeV-induced activation of type I interferon and NF-B promoters. As type I interferon expression is regulated by transcriptional regulator NF-B (37), VP4-induced suppression of the type I interferon response might result from the inhibitory effect of VP4 on the activation of NF-B. Consistent with these observations, transfection with pEGFP-vp4 inhibits TNF or SeV-induced activation of NF-B reporter as demonstrated by luciferase reporter gene assay and EMSA (Fig. 3) . Thus, VP4-induced suppression of type I interferon expression is not specific to IBDV-infected cells but a general signaling inhibition for type I interferon expression in host cells.
Innate immunity is the first line of host defense against pathogenic infection. TNF-induced NF-B signaling is an essential portion of the innate immune response in hosts to viral infection (38, 39) . It was reported that proinflammatory cytokine TNF-␣ had been detected in the tissues of IBDV-infected chickens (51), suggesting that TNF may induce the inflammatory response in an IBDV-infected host. In the present study, we first found that TNFinduced type I interferon expression in host cells was inhibited by IBDV infection (Fig. 1F to K) . Second, among the viral components, VP4 markedly suppressed the expression of type I interferon in host cells after SeV infection, and the suppressive effect of VP4 on the expression of I interferon and NF-B occurs at or upstream of the transcriptional level in host cells, as demonstrated by reporter gene assay and EMSA (Fig. 3) . Third, VP4 specifically interacts with GILZ under all tested conditions (Fig. 4 and 5) . Fourth, the abolishment of VP4-induced suppression of type I interferon could be achieved by the knockdown of GILZ expression ( Fig. 6 and 7) . Finally, knockdown of GILZ inhibited viral growth, and this inhibition could be effectively abolished by antitype I IFN antibodies in the cell culture (Fig. 8) . Clearly, VP4 suppresses the type I interferon response of the host by interacting with GILZ. As type I interferon is a critical anti-IBDV cytokine (19, 49) , these results provide strong evidence that VP4, via engagement with GILZ, suppresses the innate immune response.
GILZ, also known as TSC22 domain family protein 3, is a glucocorticoid-responsive molecule (43, 52) . The GILZ protein consists of three major domains: the N-terminal, LZ, and C-terminal domains (43) . A proline-rich region in the C-terminal domain of GILZ is necessary for direct binding to the p65 subunit of NF-B (53). Currently, three isoforms of the GILZ protein in humans (GenBank accession numbers NM_198057.2 for the longest one, NM_004089.3 for the medium one, and NM_001015881.1 for the shortest), four in mice (54) , and one in chickens (GenBank accession no. DQ917420.1) have been identified. The similarity of (12, 24, 48 , and 72 h) after IBDV infection, the viral titers in the cell cultures were determined as TCID 50 using 96-well plates. The significance of the differences between GILZ-RNAi and controls was determined by ANOVA (P Ͻ 0.01). (E) Type I interferon mediates the inhibitory effect of GILZ-RNAi on IBDV growth. Anti-human IFN-␣1 (4 ϫ 10 4 neutralizing units/ml) and anti-human IFN-␤ (5 ϫ 10 4 neutralizing units/ml) were added to GILZ knockdown cells or RNAi controls 3 h ahead of IBDV infection. Forty-eight hours after IBDV infection, the culture samples were freeze-thawed three times and centrifuged at 2,000 ϫ g for 10 min. The viral titers were titrated using TCID 50 in DF-1 cells. Results are representative of three independent experiments. Data are represented as means Ϯ SD; n ϭ 3. ***, P Ͻ 0.001. chicken GILZ with human GILZ ranges from 55.5% to 80%, while with mice it ranges from 30% to 90%. Interestingly, the amino acid sequence of the C-terminal domain of chicken GILZ is identical to that of the three isoforms of human GILZ, indicating that this portion (containing an NF-B binding site) is highly conservative. GILZ plays an important role in the regulation of the immune response, such as inhibiting inflammation (43, 55) and preventing the T cell response (44) . It has been reported that GILZ inhibits activities NF-B (53) . Our data show that VP4 markedly suppressed TNF-␣-, SeV-, or poly(I·C)-induced activation of NF-B (Fig. 3) , and this suppression can be abolished by the knockdown of GILZ expression (Fig. 6 and 7) , suggesting that VP4, by interacting with GILZ, inhibits NF-B signaling, thus leading to the immunosuppression of the host. In this regard, it can be proposed that knockdown of GILZ may enhance the antiviral response in IBDV-infected cells. The fact that cells with lower GILZ levels markedly inhibited IBDV growth and that this inhibition could be effectively inhibited by specific antibodies against type I interferon provides strong evidence in support of this hypothesis (Fig. 8) .
Of note, the mechanism underlying the immunosuppression induced by pathogenic infection may vary. Suppression of cytokine expression in host cells in such a case might be only one of the tricks exploited by the pathogens to evade immune response. Therefore, several questions are raised. For example, how does VP4 activate GILZ-by phosphorylation, acetylation, enzymatic cleavage, or something else? Similarly, what molecular features of VP4 interact with GILZ, leading to a suppressed cytokine response? And is GILZ taken advantage of by any other pathogens to suppress the immune response in host cells?
In summary, our results reveal that IBDV VP4 interacts with GILZ to suppress the innate immune response in host cells. The observations that knockdown of GILZ abolished VP4-induced suppression of type I interferon expression and reduced IBDV growth in host cells suggest that GILZ plays a critical role in IBDVinduced immunosuppression. These findings have provided insights for further studies of the molecular mechanism of IBDV infection.
